ABSTRACT The Prp43 DExD/H-box protein is required for progression of the biochemically distinct pre-messenger RNA and ribosomal RNA (rRNA) maturation pathways. In Saccharomyces cerevisiae, the Spp382/Ntr1, Sqs1/Pfa1, and Pxr1/Gno1 proteins are implicated as cofactors necessary for Prp43 helicase activation during spliceosome dissociation (Spp382) and rRNA processing (Sqs1 and Pxr1). While otherwise dissimilar in primary sequence, these Prp43-binding proteins each contain a short glycine-rich G-patch motif required for function and thought to act in protein or nucleic acid recognition. Here yeast two-hybrid, domain-swap, and site-directed mutagenesis approaches are used to investigate G-patch domain activity and portability. Our results reveal that the Spp382, Sqs1, and Pxr1 G-patches differ in Prp43 two-hybrid response and in the ability to reconstitute the Spp382 and Pxr1 RNA processing factors. G-patch protein reconstitution did not correlate with the apparent strength of the Prp43 two-hybrid response, suggesting that this domain has function beyond that of a Prp43 tether. Indeed, while critical for Pxr1 activity, the Pxr1 G-patch appears to contribute little to the yeast two-hybrid interaction. Conversely, deletion of the primary Prp43 binding site within Pxr1 (amino acids 102-149) does not impede rRNA processing but affects small nucleolar RNA (snoRNA) biogenesis, resulting in the accumulation of slightly extended forms of select snoRNAs, a phenotype unexpectedly shared by the prp43 loss-of-function mutant. These and related observations reveal differences in how the Spp382, Sqs1, and Pxr1 proteins interact with Prp43 and provide evidence linking G-patch identity with pathway-specific DExD/H-box helicase activity.
UMEROUS genome-wide interaction and gene expression studies identify ribosome biogenesis as a central integrative feature of Saccharomyces cerevisiae metabolism (see, e.g ., Mnaimneh et al. 2004; Davierwala et al. 2005; Gavin et al. 2006; Collins et al. 2007; Hu et al. 2007; Magtanong et al. 2011) . In rapidly dividing organisms such as this budding yeast, ribosomal RNAs (rRNAs) make up the lion's share of cellular nucleic acid by mass, while ribosomal protein transcripts can account for more than half the transcribed messenger RNA (mRNA). Because ribosome biogenesis is so energetically costly, eukaryotes have evolved multiple means to regulate rRNA and ribosomal protein production in response to changes in cellular demand and surveillance systems to remove aberrant ribosomal protein complexes formed during assembly or after environmental insult (Jorgensen et al. 2002; Fingerman et al. 2003; FromontRacine et al. 2003; Jorgensen et al. 2004; Marion et al. 2004; Henras et al. 2008; Kressler et al. 2010; Lafontaine 2010) . The coordination of pre-mRNA processing with ribosome biogenesis is especially relevant in the intron-poor environment of the yeast genome, where the highly expressed ribosomal protein transcripts represent a disproportionate amount of the spliced mRNA (Ares et al. 1999; Staley and Woolford 2009) . Our understanding of how this coordination is accomplished is limited, however, to general principles supported by a few specific examples where individual ribosomal proteins act as feedback regulators to inhibit the processing or stability of cognate ribosomal protein transcripts (Li et al. 1995 (Li et al. , 1996 Vilardell et al. 2000; Pleiss et al. 2007; Gudipati et al. 2012) .
The chemistry of pre-mRNA splicing and the initial stages of rRNA processing occur in spatially separable nuclear locations catalyzed by distinct macromolecular machineries. Pre-rRNA processing involves more than 200 proteins and includes 75 small nucleolar RNA particles (snoRNPs) composed of C/D-or H/ACA-box small nucleolar RNAs (snoRNAs) with associated conserved sets of proteins (Grandi et al. 2002; Fromont-Racine et al. 2003; Reichow et al. 2007; Kressler et al. 2010; Phipps et al. 2011 ). The nuclear pre-mRNA splicing enzyme is likewise complex and composed of roughly 80 yeast proteins and 5 essential small nuclear RNAs (snRNAs) Pena et al. 2009 ). Although largely nonoverlapping in composition, the pre-rRNP and spliceosomal complexes share a limited number of factors, including the essential Snu13 protein constituent of the U3 (preribosomal) snoRNP and the U4 (spliceosomal) snRNP and the phylogenetically conserved DEAH-box protein Prp43. DEAH-box proteins are structurally related members of the DExD/H-box family of RNA-dependent NTPases that resolve RNA/RNA helices or act as RNPases to dissociate protein-RNA interactions during macromolecular assembly/disassembly events (Linder and Jankowsky 2011; Cordin et al. 2012; RodriguezGalan et al. 2013) . In vitro, DExD/H-box proteins typically act as nonspecific NTP/ATPases, with a subset showing nucleic acid strand separation or helicase activity. With few exceptions (see, e.g., Schwer 2008; Hahn et al. 2012; Mozaffari-Jovin et al. 2012 ), the RNA features or trans-acting factors contributing to helicase substrate specificity in vivo remain unknown.
While the 19 RNA helicases implicated in ribosome biogenesis typically are restricted to either large-or small-subunitdelimited steps, Prp43 promotes multiple RNA processing events in both 25S and 18S rRNA maturation (Lebaron et al. 2005; Combs et al. 2006 ; Leeds et al. 2006; Bohnsack et al. 2009; Rodriguez-Galan et al. 2013 ). The yeast Prp43 protein and its mammalian homolog DHX15 also act to dislodge the intron from the postcatalytic spliceosome and to recycle essential snRNP factors for use in subsequent rounds of splicing (Arenas and Abelson 1997; Martin et al. 2002; Tsai et al. 2005; Wen et al. 2008; Fourmann et al. 2013) . Prp43 activity contributes to the maintenance of spliceosome integrity because reduced Prp43 function promotes the use of structurally aberrant spliceosomes and the splicing of suboptimal premRNA substrates (Pandit et al. 2006; Koodathingal et al. 2010; Mayas et al. 2010; Chen et al. 2013) . In addition to features of the postcatalytic spliceosome, specific changes in spliceosome composition linked to ATP hydrolysis by the Prp2, Prp16, and Prp22 DExD/H-box proteins render defective splicing complexes sensitive to Prp43 recruitment and ATP-dependent dissociation (Chen et al. 2013) .
Data from several groups implicate three Prp43-interacting factors in the regulation of this protein's role in pre-mRNA splicing (Spp382/Ntr1) and pre-rRNA processing (Sqs1/Pfa1 and Pxr1/Gno1) Lebaron et al. 2005; Tsai et al. 2005; Boon et al. 2006; Pandit et al. 2006; Tanaka et al. 2007; Tsai et al. 2007 ; Lebaron et al. 2009; Pertschy et al. 2009; Walbott et al. 2010; Christian et al. 2014) . Spp382 is an essential pre-mRNA splicing factor required for Prp43 recruitment to the spliceosome. Pxr1 is necessary for efficient rRNA maturation at the A0, A1, and A2 processing sites and plays a second, separable role in the final steps of Rrp6-dependent 39-end processing of snoRNAs. Sqs1 is not required for efficient yeast growth but appears to play a nonessential role in 20S to 18S rRNA processing by the Nob1 endonuclease. Although otherwise dissimilar in sequence, the Spp382, Pxr1, and Sqs1 proteins each contain a weakly conserved 45-to 50-amino-acid glycine-rich G-patch motif (Pfam: PF01585) (Punta et al. 2012) found in select RNA-associated proteins (Aravind and Koonin 1999) . Point mutations within the SPP382, PXR1, and SQS1 G-patch coding segments can block or weaken the corresponding protein interaction with Prp43 and inhibit pre-mRNA splicing or rRNA processing Pandit et al. 2006; Tanaka et al. 2007; Lebaron et al. 2009 ). In addition, Spp382 and Sqs1 peptides bearing the G-patch domain stimulate the RNA-dependent helicase activity of Prp43 in vitro (Tanaka et al. 2007; Lebaron et al. 2009; Christian et al. 2014) . While critical to each protein's biological activity, prior work leaves unresolved whether the Spp382, Sqs1, and Pxr1 G-patch domains are equivalent interfaces that promote a common Prp43 activity or serve a more complex function in the pre-mRNA splicing and rRNA processing pathways.
Here we report the results of experiments to investigate Prp43-G-patch protein interaction and to probe the role of the G-patch domain in Prp43-sensititive RNA biogenesis. The data show that although the G-patch is sufficient to interact with Prp43, the Spp382, Sqs1, and Pxr1 G-patch peptides differ in yeast two-hybrid (Y2H) response and in the ability to reconstitute Spp382 activity in splicing and Pxr1 activity in rRNA processing. Point mutagenesis of the G-patch domain shows that functional reconstitution of Spp382 is sequence dependent but does not directly correlate with strength of the Prp43 Y2H response. The Prp43-Pxr1 interaction was found to be largely G-patch independent and driven by an 50-amino-acid Pxr1 peptide found downstream of the G-patch motif. Curiously, while efficient Pxr1-dependent rRNA processing does not require this Pxr1 domain, loss of either this site or diminished Prp43 activity results in snoRNA processing defects. These observations support a model in which G-patch identity contributes pathway-sensitive information relevant to Prp43 function in the parallel processes of pre-mRNA splicing and rRNA maturation and suggest an unanticipated role for Prp43 activity in snoRNA processing.
Materials and Methods

Yeast strains and culture
The yeast strains used in this study are presented in Table 1 . The oligonucleotides used for cloning and mutagenesis are listed in Supporting Information, Figure S1 . Yeast cultures were grown in YEP medium (1% Bacto yeast extract, 2% Bacto peptone, made 2% with glucose or galactose) prior to plasmid transformation by the lithium chloride method (Ito et al. 1983) . For all other purposes, yeast cultures were grown on synthetic complete medium with single or double amino acid dropouts as needed (Kaiser et al. 1994 ).
Yeast two-hybrid (Y2H) assays
The SPP382 and SQS1 yeast pACT Y2H constructs were described previously (Pandit et al. 2006 (Pandit et al. , 2009 . The protein coding sequences of gene derivatives new to this study were fused to the GAL4 activation-domain (AD) and/or the GAL4 GAL4 DNA binding-domain (BD) sequences in the plasmids pACT2 and pAS2 (Harper et al. 1993) , respectively, and transformed into yeast strain pJ69-4a (James et al. 1996) . To compare the relative Y2H responses of yeast transformants, the strains were first cultured to saturation, collected by centrifugation, and washed twice with sterile water. Next, the cultures were normalized to equivalent OD 600 values, and four 10-fold serial dilutions of each culture were spotted on dropout medium lacking leucine and tryptophan for simple growth of the double transformant or, for GAL1-HIS3 reportergene assay, medium lacking histidine supplemented with 5-20 mM 3-aminotriazole (3-AT) where indicated. The two-hybrid response was scored by overall spot density and, in the most dilute samples, relative colony size after 2-4 days of incubation at 23 or 30°on selective medium.
Plasmid constructs
The spp382DG-patch deletion construct was made by inverse PCR from the previously described YCplac111-SPP382 plasmid (Pandit et al. 2006 ) using Phusion High-Fidelity DNA Polymerase (New England Biolabs, Beverly, MA) and oligonucleotide primers with terminal SacII sites flanking G-patch domain codons 61-108. The corresponding SPP382, SQS1, and PXR1 G-patch add-back cassettes were amplified from BY4742 genomic DNA by PCR with primers containing terminal SacII sites and inserted into the SacII site of YCplac111-spp382DG. An equivalent PCR-based strategy was used to create the DG-patch and G-patch segment add-back derivatives in the pACT-SPP382 background (Pandit et al. 2009 ). The pxr1 G-patch point mutations were introduced by inverse PCR on a pTZ18U-PXR1 G-patch subclone, and the mutated segments were subsequently transferred into the YCplac111-spp382DG or into the pACT-spp382DG plasmid background as SacII DNA fragments. Where indicated, URA3-based plasmids were removed by plasmid shuffle on medium containing 0.75 mg/ml 5-floroorotic acid (FOA) (Boeke et al. 1987 ).
The wild-type (WT) PXR1 gene was amplified by PCR from BY4742 yeast genomic DNA with primers placed 300 bp upstream and downstream of the ORF ( Figure S1 ) and cloned into the Kpn1 site of plasmid YCplac111. The G-patch domain was subsequently deleted from the YCplac111-PXR1 construct by inverse PCR with primers flanking this domain. PCR-amplified SPP382, SQS1, and PXR1 G-patch cassettes were introduced into the linearized YCplac111-pxr1DG plasmid as blunt-ended DNA fragments. For the Y2H study, the PXR1 ORF was inserted into the SmaI site of pACT2. The indicated PXR1 domain deletions were introduced into pACT2-PXR1 by inverse PCR. The PXR1 102-149 and 150-226 codon single-domain constructs were made similarly by PCR fragment insertion into pACT2.
The PRP43 deletions were constructed by inverse PCR on pAS2-PRP43 (Pandit et al. 2009 ) with domain-specific primers ( Figure S1 ). The Prp43 single-domain Y2H constructs were amplified with oligonucleotides containing 59-terminal NdeI sites (NTD, Ratchet, and WH domains) or BamHI sites (RecA1, RecA2, and CTD) inserted into corresponding restriction sites on pAS2. The prp43H218A mutant allele and its WT PRP43 counterpart expressed from plasmid p352 were described previously (Martin et al. 2002) .
RNA methods
The yeast cultures were grown at 30°to an OD 600 of 0.4 in selective dropout medium, collected by centrifugation, and washed twice with ice-cold RNA extraction (RE) buffer (100 mM LiCl, 100 mM Tris-HCl, pH 7.5, and 1 mM EDTA), and the pellets were stored at 280°until needed. The coldsensitive prp43(H218A) mutant and its isogenic PRP43 control culture were grown for 15 hr at 17°prior to cell harvest. Yeast culture conditions for the isolation of RNA from the SP102 transformants after glucose repression of the GAL1:: spp382-4 gene were described previously (Pandit et al. 2006) .
For RNA isolation, the cell pellets were broken with a MiniBeadbreaker (Biospec Products, Bartlesville, OK) for 4 min in 400 ml of RE buffer, 150 ml of phenol:chloroform:isoamyl alcohol (PCI, 50:48:2) , and 300 ml of sterile glass beads (0.5 mm diameter; Biospec Products). The cellular debris, glass beads, and PCI were removed by centrifugation at 18,0003g for 3 min at 4°. The supernatant was PCI extracted three additional times, followed by a final chloroform extraction and ethanol precipitation. Then 20 mg of RNA was resolved on a 1% agarose-formaldehyde gel, transferred to an Immobilon+ membrane, and then hybridized with random primelabeled probes (Invitrogen, Carlsbad, CA) against RPS17A, ADE3, or U6 snRNA under standard conditions (Sambrook et al. 1989 ). Alternatively, 59-end-labeled oligonucleotide probes were used to detect the rRNA precursor, intermediates, and products and snR128 and snR18 ( Figure S1 ) using previously published conditions Kos and Tollervey 2005) . The bands of hybridization were visualized with a Typhoon 8600 Phosphoimager and quantified with ImageQuant software after background subtraction (GE Healthcare Life Sciences, Pittsburgh, PA).
Protein methods
Prior to harvest, the yeast cultures were grown at 30°to an OD 600 of 2-4 in selective dropout medium. Protein extraction was performed as described previously (Zhang et al. 2011) . Briefly, 7 OD of culture was collected by centrifugation (14,0003g for 1 min) and the pellets resuspended in 500 ml of 2 M LiOAc for 5 min at room temperature. The cells then were recovered by centrifugation and resuspended in 500 ml of 0.4 M NaOH for 5 min at room temperature. The cells were again collected by centrifugation and finally resuspended in 250 ml of gel sample buffer [0.06 M-Tris-HC1, pH 6.8, (Horvath and Riezman 1994) and heated at 100°for 10 min. The insoluble material was removed by centrifugation as earlier, and 75 mg of protein was resolved by SDS-PAGE (7.5 or 10% polyacrylamide). The resolved proteins were electroblotted to Immobilon-P membrane (Millipore, Bedford, MA), and Western blot images were obtained using a 1:1500 dilution of the HA.11 anti-HA antibody (Covance, Princeton, NJ) for the pACT2 and pAS2 vector constructs or an anti-Gal4 activation-domain antibody (1:500 dilution; sc-1663; Santa Cruz Biotechnology, Santa Cruz, CA) for the Spp382-bearing pACT constructs. The pAS2-Prp43 construct also was imaged using the mouse monoclonal anti-Gal4 DNA binding domain antibody (1:500 dilution; sc-577). Mouse monoclonal antibody 12G10 (1:1000 dilution; Developmental Studies Hybridoma Bank, Iowa City, IA) was used to image a-tubulin as a loading control. Secondary antibodies conjugated to alkaline phosphatase diluted 1:1500 in PBS/5% nonfat dry milk were used for protein detection with the ECF Detection Module (GE Healthcare Life Sciences) or the BCIP/ NBT In Situ Detection System (Enzo Life Sciences, Farmingdale, NY). All antibodies were diluted in PBS made 5% w/v with nonfat dry milk. The ECF or scanned BCIP/NBT band intensities were quantified with ImageQuant software (GE Healthcare Life Sciences).
Results
Isolated Spp382, Sqs1, and Pxr1 G-patch peptides interact with Prp43 but differ in Y2H response
When the full-length G-patch proteins are scored by the Y2H assay for interaction with Prp43, we find a graded response in GAL1-HIS3 reporter-gene-dependent growth of Spp382 $ Sqs1 . Pxr1 . empty vector ( Figure 1A) . Because the Spp382, Sqs1, and Pxr1 proteins lack obvious sequence similarity beyond the G-patch ( Figure 1B ), this element likely functions, at least in part, as a common Prp43 binding feature. In support of this, we find that the isolated G-patch segments also interact with Prp43 by the Y2H assay in the order of Spp382 . Sqs1 . Pxr1, with the Pxr1 G-patch showing a Y2H response near that of the empty-vector control. Both the Sqs1 and Pxr1 G-patch Y2H interactions with Prp43 are lost when the assay is made more stringent for reportergene activation by the addition of 5 mM 3-aminotriazole (James et al. 1996) , reinforcing the less robust Prp43 Y2H response of these peptides (data not shown). While some experimental variability in protein abundance was observed, the three G-patch peptides are similarly expressed, with the Sqs1 peptide generally accumulating to somewhat higher amounts (twofold) than the Spp382 or Pxr1 G-patch peptides ( Figure  S2 ). It is possible that G-patch peptide abundance contributes to the differential Prp43 Y2H response, although, as argued below, sequence differences also appear to affect Prp43 interaction. Regardless, the Y2H responses show that at least for the Spp382 and Sqs1 proteins, the G-patch domain is sufficient for Prp43 interaction in vivo.
Since the isolated G-patch peptides interact with Prp43 less well than the full-length proteins, other portions of the Spp382, Sqs1, and Pxr1 proteins likely stabilize the Prp43 Y2H associations. For Sqs1, a second site of Prp43 interaction has been reported within the first 202 amino acids of this protein, and as expected, the Sqs1DG protein continues to interact well with Prp43 ( Figure 2A ) (Lebaron et al. 2009; Pandit et al. 2009 ). A second site of Prp43 interaction is also present in the central portion of Pxr1 (see below). The Pxr1-DG-Prp43 Y2H response is not noticeably diminished compared with the full-length Pxr1-Prp43 interaction, consistent with limited Pxr1-G-patch contribution to this association ( Figure 2A ). Consistent with an earlier report by Tsai et al. (2005) , deletion of Spp382 G-patch blocks all detectable Prp43 interaction. While Spp382 and Pxr1 Y2H Gal4 fusion proteins accumulate to similar levels, Sqs1 is always found at much lower abundance, roughly 5-10% of this level based on the intensities of the common Gal4 activationdomain epitope by Western blot analysis ( Figure 2C ; compare lanes 4 and 5 with lanes 2 and 3 and 6-10). This lower abundance is surprising given its comparatively robust Sqs1-Prp43 Y2H response, although it is possible that shorter proteolytic fragments also contribute to the Y2H response. In no case does G-patch removal destabilize the Gal4 fusion proteins. Therefore, the lack of Spp382DG-Prp43 Y2H interaction is not due to protein instability, and other sites of Prp43 contact, if present within Spp382, are insufficient to promote stable Y2H association.
Insertion of either the cognate Spp382 G-patch or the Sqs1 G-patch coding sequence into the spp382DG construct restores the Spp382-Prp43 interaction, showing that, at least in this assay, flexibility is permitted in G-patch motif ( Figure 2B ). A heterologous G-patch cassette might restore Prp43 interaction through direct contact or by changing the conformation of Spp382 in a such manner as to expose another site of interaction, possibly by acting as an appropriately configured spacer. The simple spacer model is unlikely, however, because an equivalently constructed Spp382-Pxr1 chimera is equally well expressed but fails to interact above background with Prp43 in the Y2H assay ( Figure 2 , B and C). Thus, a legitimate, albeit weakly interacting G-patch motif is insufficient to reconstitute stable Spp382-Prp43 association. The spp382-PXR1 two-hybrid construct also weakly inhibits growth in the absence of reporter-gene selection ( Figure 2B , smaller individual colony sizes in left panel; see below), suggesting that the chimeric protein may sequester an important RNA processing factor in an inactive complex. Yeast toxicity was reported previously with SQS1 overexpression (Pandit et al. 2009 ), although this is less pronounced when expressed as a Y2H construct.
Spp382 G-patch identity is important for splicing-factor function
We next asked whether the differences in Prp43 Y2H interaction observed with the Spp382-G-patch chimeras correlate with changes in Spp382 biological activity. To do this, we repeated the domain-swap experiment in an otherwise intact SPP382 gene and scored the resulting chimeric derivatives for complementation of an spp382::KAN null mutation (Winzeler et al. 1999) . To avoid complications from overexpression, the SPP382-chimeric genes were cloned on a single-copy LEU2-marked centromeric plasmid vector transcribed with the native SPP382 promoter. Because the spp382::KAN mutation is lethal, the chimeric genes were first transformed into yeast that coexpress the biologically active and nutritionally regulated GAL1-spp382-4 allele (Pandit et al. 2006 ) and subsequently scored for independent function after GAL1-spp382-4 removal by plasmid shuffle. None of the chimeric constructs cause obvious growth inhibition when coexpressed with GAL1-spp382-4 on galactose medium ( Figure 3 , left panel). As anticipated, deletion of the G-patch segment inactivates SPP382 and results in a lethal (FOA) phenotype, while reinsertion of the cognate SPP382 G-patch coding segment restores activity ( Figure 3 , right panel). Equivalent results were obtained when these constructs were scored for complementation by meiotic segregation (data not shown). Comparable to what was seen with the Prp43 Y2H response, the Spp382-Sqs1 G-patch chimeric protein is functional and supports growth, albeit at a reduced level. The reduced growth corresponds to an 50% increase in doubling time in liquid medium compared with the SPP382 control ( Figure 3 and Figure S3 ). In contrast, the spp382-PXR1 G-patch chimera mimics the empty-vector control and is unable to rescue spp382::KAN lethality. The results presented earlier show that G-patch identity contributes context-specific information and suggest a possible relationship between Prp43 binding and G-patch protein function, specifically, that strong Prp43-G-patch interaction is favored for the Spp382 protein and that weaker Prp43-Gpatch interaction is favored by Pxr1. In principle, differential G-patch affinity might contribute to the dynamics of Prp43 association with (or function within) the rRNA processing and pre-mRNA splicing machineries. To further investigate this relationship, we introduced point mutations within the G-patch domain of the spp382-PXR1 G-patch chimera and scored the mutated constructs for spp382::KAN complementation. In each case, the amino acid substitution converts the Pxr1 G-patch residue into the amino acid naturally present at the same position within the Spp382 G-patch ( Figure 1B ). The sites of mutagenesis were guided in part by the pattern of phylogenetic conservation ( Figure S4 , A and B) and include residues where protein family-specific differences appear to occur (i.e., R27G, H55P, and K57E; the numbered coordinates refer to the amino acid positions within Pxr1) as well as residues where conservation is less apparent (P48G and D62M). The spp382-PXR1 (WT) and spp382-pxr1(P48G) chimeras do not support viability after removal of the cotransformed GAL1-spp382-4 gene ( Figure  3 , and data not show). In contrast, spp382-pxr1 G-patch chimeric constructs containing the R27G, H55P, K57E, and D62M mutations complement spp382::KAN ( Figure 4A ). There is considerable variation in culture growth, however, with H55P functioning much better than the others. While histidine is common at position 55 among Pxr1 homologs, approximately 65% of the 2124 G-patch peptides listed in the SMART protein domain database show proline at the equivalent location, including yeast Spp382 (P90) and Sqs1 (P750). This residue is not essential for Spp382 function, however, because alanine, histidine, or serine substitution in an otherwise WT SPP382 background has little impact on growth ( Figure S5) . Rather, the proline becomes critical in the context of the Spp382-Pxr1 chimera, which, in essence, contains the equivalent of a multiply mutated Spp382 G-patch.
We next monitored the efficiency of pre-mRNA processing in the spp382-PXR1 G-patch chimeras after transcriptional repression of the GAL1-spp382-4 gene. Yeast that express GAL1-spp382-4 on galactose-based medium splice pre-mRNA well, whereas glucose repression of GAL1-spp382-4 for 12 hr inhibits splicing and results in a fivefold or greater reduction in the ratio of processed to unprocessed RPS17A RNA ( Figure 4B ) (see Pandit et al. 2006) . Yeast cotransformed with the spp382DG derivative process pre-mRNA no better than the empty-vector control, but splicing can be reconstituted with insertion of the cognate SPP382 G-patch segment. Although incomplete GAL1-spp382-4 repression overestimates splicing efficiency for the strongest mutants, the splicing patterns and growth characteristics of yeast transformed with the chimeric plasmids agree in direction, if not magnitude. Here the spp382-PXR1 chimera and the noncomplementing P48G construct behave no better than the empty-vector control, while the biologically active spp382-Sqs1 G-patch add-back and the viable pxr1 chimeric mutant chimeric derivatives (with the possible exception of the R27G) show modestly improved splicing. Two viable chimeras with weak spp382::KAN complementation activity, K57E and D62M, also show pronounced rRNA processing defects, with two-to threefold increases in 35S rRNA precursor RNA compared with the other backgrounds ( Figure 4C ).
The Prp43 Y2H interaction pattern does not correlate directly with the pattern of spp382::KAN complementation by the mutated spp382-pxr1 constructs. Here the H55P chimera, which best supports spp382::KAN complementation, performs similarly to the noncomplementing chimera bearing a WT PXR1 G-patch in the Y2H assay ( Figure 4D) . In vitro, G-patch-containing peptides expressed from spp382-PXR1 and spp382-pxr1(H55P) alleles show greater salt sensitivity for Prp43 interaction than the equivalent Spp382 peptide, consistent with lower affinity ( Figure S6 ). In contrast, the more weakly complementing D62M and K57E chimeras and the noncomplementing P48G construct all support modestly greater Prp43 Y2H response, even though each construct is somewhat toxic when expressed without two-hybrid reporter selection ( Figure 4D ; compare left and right panels relative to SPP382-reconstituted and spp382DG control constructs). While recognizing that these are very subtle distinctions, spp382-pxr1 derivatives are similarly expressed as Y2H constructs ( Figure S7 ), arguing against differences in Gal4 activationdomain abundance contributing to the differential Y2H response. Taken together, these data show that while G-patch identity affects Spp382-Prp43 protein interaction, effective reconstitution of the Spp382 splicing factor requires G-patch function beyond that contributing to stable Prp43 interaction.
Pxr1 G-patch chimeras show variation in rRNA processing activity
The studies presented earlier establish an overlapping but not identical contribution of the Spp382, Sqs1, and Pxr1 G-patch domains in the context of the Spp382 pre-mRNA splicing factor, with the Sqs1 G-patch being more Spp382-like in reconstituting Prp43 interaction and biological activity. We Figure 2 Prp43 activators differ in Gpatch reliance for Y2H interaction. (A) Y2H assay as described in Figure 1A between Prp43 and the Spp382, Sqs1, and Pxr1 constructs before and after G-patch removal. (B) Y2H assay between Prp43 and full-length Spp382, the G-patch deletion derivative (spp382DG), and the constructs reconstituted from this deletion mutant by addition of the Spp382, Pxr1, or Sqs1 G-patch coding sequences. The -his medium used in panels A and B contained 5 mM 3-aminotriazole, and the plates were incubated for 4 days at 30°. (C) Western blot analysis of the Y2H proteins expressed as pACT-Gal4 activation fusions. The proteins were imaged with antibodies against the Gal4 activation domain (upper panel; Spp382, Spp382DG, Sqs1, Sqs1DG, Pxr1, Pxr1DG, and the Spp382DG construct reconstituted with the Spp382, Sqs1, and Pxr1 G-patch), the Gal4 DNA binding-domain panel (middle panel; Prp43), and anti-a-tubulin (lower panel). The blots were developed using BCIP/NBT (Gal4 activation-domain antibody, a-tubulin antibody) and ECF (Gal4 DNA binding-domain antibody). The asterisks in the top panel indicate the positions of the three sets of G-patch proteins. For unknown reasons, the Sqs1 fusion proteins run more slowly than the similarly sized Spp382 proteins. The numbers to the left in the top panel refer to the sizes (in kDa) of the protein markers run in lane 1. After normalization with the tubulin control, the Gal-4 activation-domain band intensities were found to vary less than twofold with the exception of the full-length Sqs1 and Sqs1DG proteins, which are reproducibly found at 5-10% of the Spp382 and Pxr1 levels.
next considered G-patch portability in the context of the Pxr1 rRNA processing factor. To do this, the PXR1 G-patch sequence was first removed by inverse PCR and then replaced with the cognate PXR1 G-patch sequence or with a heterologous cassette from the SPP382 or SQS1 genes. Plasmids containing the chimeric PXR1 G-patch constructs then were assayed for complementation of the viable, albeit very slowly growing pxr1::KAN null mutant (Winzeler et al. 1999) .
Deletion of the G-patch (amino acids 25-72) inactivates Pxr1 because the pxr1DG transformant grows no better than the untransformed pxr1::KAN parental host ( Figure 5A ) (see . Reinsertion of the PXR1 G-patch or the SQS1 G-patch sequence into pxr1DG restores efficient growth, while substitution of the SPP382 G-patch improves growth but at a much reduced level compared to what is seen with the intact PXR1 allele. The same complementation pattern is seen when rRNA processing rather than yeast growth is monitored. As reported previously, the loss of Pxr1 activity inhibits rRNA processing, most obvious here as increased accumulation of the 35S rRNA precursor and the generally lowabundance 23S processing intermediate ( Figure 5B ) (see . The pxr1::KAN parental host and the pxr1DG mutant display equivalent rRNA processing defects consistent with the G-patch deletion allele having a null phenotype. Protein reconstruction with the cognate Pxr1 G-patch peptide restores full activity, while insertion of either the Sqs1 or Spp382 G-patch peptides supports partial function, with the Sqs1 add-back showing a more complete recovery of rRNA processing efficiency. Thus, similar to what was seen with the Spp382 chimeras, some flexibility in G-patch structure is tolerated in Pxr1, here again with the Sqs1 G-patch serving as the preferred heterologous cassette.
The primary Prp43 binding site within Pxr1 is not required for efficient rRNA biogenesis but contributes to snoRNA processing activity Since removal of the G-patch inactivates Pxr1 for rRNA processing but not Prp43 binding, additional sites of Prp43 contact must exist within Pxr1. To define sequences critical for Prp43 association, we created a set of PXR1 deletion derivatives guided by prior domain characterization ( Figure S8 ) (see and scored each for Prp43 Y2H interaction ( Figure 6A) . Removal of codons 102-149 or overlapping segments almost completely blocks Prp43 interaction, although this derivative is stable and present at levels equivalent to the full-length Pxr1 or Pxr1DG ( Figure S9 ). Since no other deletions greatly reduced the Y2H response, the primary Prp43 binding site of Pxr1 appears to reside within this peptide. This prediction was confirmed in a complementary experiment where the isolated 48-amino-acid peptide was found to be sufficient for Prp43 interaction when expressed at levels similar to poorly interacting Pxr1 G-patch ( Figure 6B and Figure S9) . Surprisingly, removal of the primary Prp43 binding site (i.e., PXR1 codons 102-149) had negligible impact on pxr1::KAN complementation ( Figure 6C) . Likewise, this deletion does not result in excess 35S rRNA accumulation or obvious downstream defects in rRNA processing ( Figure 6D and data not shown). A larger deletion, pxr1D102-226, inactivates Pxr1, but unlike the Pxr1D102-149 derivative, this protein could not be reproducibly detected by Western blot as a Y2H peptide and likely may not be stable ( Figure 6 , C and D, and Figure S9 ). While conceivable that the 102-149 and 150-226 peptides act redundantly in support of Pxr1 function, deletion of the 150-226 peptide has negligible impact on the Prp43 Y2H interaction ( Figure S9 ). The 150-226 peptide contains a so-called KKE/D domain characteristic of certain nucleolar proteins (e.g., Nop56p, Nop58p, Cbf5p, and Dbp3p) (see Gautier et al. 1997) . Consistent with earlier reports, removal of this domain does not interfere with rRNA processing (Figure 6D ) (see . The isolated 150-226 peptide segment does not appreciably interact with Prp43 by the Y2H assay, although interpretation of this observation is complicated by the fact that expression of the Pxr1(150-226) Y2H construct somewhat impairs growth ( Figure 6B) . Nevertheless, together these data support the surprising conclusions that although the G-patch is essential for Pxr1 function, it appears to interact poorly with Prp43, while the primary Prp43 binding site within Pxr1 is dispensable for rRNA processing activity.
Consistent with prior studies implicating Pxr1 in snoRNA 39-end processing, deletion of the PXR1 gene or removal of the G-patch or Pxr1 150-226 domain coding sequences results in the accumulation of snR18 (U18 snoRNA, 102 nt) transcripts bearing approximately three nucleotide extensions compared to WT transcripts (Figure 7 ) (see . We find that the pxr1D102-149 mutant behaves equivalently, showing at least three times as much of the extended form than the properly processed 102-nt snR18 transcript. Remarkably, extended-length snoRNAs also accumulate when Prp43 function is compromised by the characterized prp43(H218A) mutant with diminished ATPase activity (Martin et al. 2002) compared with an isogenic strain bearing the WT PRP43 allele. The magnitude of the extended Figure 3 G-patch identity affects Spp382 function. Complementation of the lethal spp382::KAN mutation with a LEU2-marked plasmid bearing the WT SPP382 gene, the G-patch deletion derivative, or the deletion derivative reconstituted with the SPP382, SQS1 or PXR1 G-patch coding sequences. These were initially cotransformed with the biologically active URA3-marked GAL1-spp382-4 plasmid that supports growth on a galactose-based medium. Tenfold serial dilutions were plated on galactose (left) and glucosebased medium supplemented with 5-fluoroorotic acid (right) to select for yeast that have lost the URA3-marked GAL1-spp382-4 plasmid.
RNA response is snoRNA specific, and longer RNA forms were not observed for the126-nt snR128 (U14 snoRNA) or the 112-nt snR6 (U6) RNAs previously reported as insensitive to the loss of Pxr1 activity . Thus, the impaired activity of either the Prp43 helicase or its Pxr1bind-ing partner alters the biogenesis of certain snoRNAs.
Prp43 domains required for stable G-patch protein interaction
To identify possible sites of G-patch protein contact, we constructed a series of PRP43 deletion derivatives and assayed each for Y2H interaction with genes that express the full-length Spp382, Sqs1, and Pxr1 proteins (Figure 8) . The endpoints of the deletions were guided by the domains described in the recently resolved Prp43 structure (He et al. 2010; Walbott et al. 2010 ). To stabilize potentially weak associations, the deletion derivatives were assayed at 23°r ather than at the typical growth temperature of 30°. Deletions of the Prp43 N-terminal domain (amino acids 7-94), the ratchet domain (amino acids 522-635), and much of the C-terminal domain including the entire OB fold required for full RNA binding and ATPase stimulation (amino acids 649-748) (see Walbott et al. 2010 ) resulted in little or no decrease in Y2H-dependent growth, showing that these regions are not critical for stable Prp43 association. In contrast, removal of RecA2 (amino acids 271-457) blocks interaction with all three G-patch protein partners. Since the RecA2-deleted Prp43 protein is stably expressed (Figure S10) , this domain appears critical for G-patch protein interaction by the Y2H assay. Deletion of either the RecA1 domain (amino acids 95-270) or the winged helix domain (WH; amino acids 455-542) differentially affects Spp382, Sqs1, and Pxr1 Y2H interactions, possibly reflecting differences in non-G-patch contacts. Here, removal of RecA1 from Prp43 blocks or severely impairs Y2H interaction with Spp382 and Sqs1 but has a less profound effect on Pxr1. In contrast, removal of the WH domain blocks Pxr1 and Sqs1 association with Prp43, while Spp382 continues to interact, albeit less well than with the full-length Prp43. Each of the deletion constructs is expressed at levels roughly between 50 and 100% of full-length Prp43. Similar results were obtained when the interactions were assayed at 30°, although a weakened response was seen between the Prp43 ratchet deletion mutant and Sqs1, and all interaction was lost between Spp382 and the Prp43 WHdomain deletion constructs. Complementary Y2H experiments using the three full-length G-patch proteins failed to provide convincing evidence for independent interaction with any isolated Prp43 domain. Although the ratchet peptide was found at considerably lower abundance, the remaining Prp43 domains were stably expressed ( Figure S11 ), suggesting that G-protein association may require multiple, perhaps discontinuous regions of Prp43 for a robust Y2H response. We Figure 4 RNA splicing activity of the Spp382-Pxr1 chimeras correlates with growth but not with the relative Prp43 Y2H response. (A) Complementation of the lethal spp382::KAN mutation by SPP382 and the viable pxr1 chimeric constructs (R27G, H55P, K57E, and D62M) after removal of GAL1-spp382-4 plasmid by FOA selection. Tenfold serial dilutions were plated on synthetic complete medium and grown at 30°for 3 days. Chimeras containing the WT PXR1 G-patch or the P48G derivative are lethal (see Figure 3) and cannot be assayed in this way. (B) Northern blot analysis of RPS17A pre-mRNA splicing. The spp382::KAN mutant transformed with the functional GAL1-spp382-4 allele was assayed before (Gal) and after (Glu) transcriptional repression. The strains were cotransformed with plasmids containing the spp382DG plasmid reconstituted with the WT SPP382, PXR1, or SQS1 G-patch, the indicated mutant PXR1 G-patch, or an empty vector. Splicing efficiency is presented as the ratio of mRNA/pre-mRNA band intensity below each lane. The mRNA and most pre-mRNA molecules are polyadenylated and resolve as a pair of broad bands by Northern blot after transfer from a denaturing 1% agarose gel. note, however, that the Prp43 WH domain showed high levels of reporter-gene activation in the absence of a Y2H partner, prohibiting unambiguous assessment of this construct.
Discussion
The G-patch peptide motif binds Prp43 and is required to stimulate the RNA-dependent ATPase and helicase activities of this DExD/H-box enzyme (Tanaka et al. 2007; Walbott et al. 2010; Christian et al. 2014) . If this is the sole function of the G-patch, one might expect that equivalent segments of the three putative Prp43 activators would have similar properties and be interchangeable in support of enzyme function. The results presented here reveal a more nuanced situation and implicate G-patch involvement beyond service as a simple Prp43 interface.
While not a highly quantitative assay, the Y2H approach provides a qualitative measure of protein interaction in vivo (Uetz and Hughes 2000) . We find that Prp43 interacts with the isolated G-patch peptide domains in the Y2H response order Spp382 . Sqs1 . Pxr1. Differences in G-patch peptide expression are unlikely to account for the negligible Pxr1G-patch-Prp43 Y2H response, suggesting an intrinsically weak interaction between this peptide protein pair. This view is bolstered by the more salt-sensitive Prp43 interaction observed in vitro with the peptides bearing the Pxr1 G-patch compared with those containing the Spp383 G-patch. The negligible Pxr1 G-patch domain-Prp43 Y2H response, the failure of the Pxr1 G-patch to functionally reconstitute Spp382, and the lack of biochemical data documenting Prp43 helicase activation by Pxr1 raise the question of whether Pxr1 is a legitimate Prp43 partner. While definitive proof is still wanting, the legitimacy of this association is supported by the G-patch dependence on Pxr1 recovery in Prp43 complexes (Chen et al. 2014 ) and the rRNA processing defects observed in pxr1 mutants consistent with Prp43 involvement . In addition, the human PXR1 homolog, PINX1, has been shown to complement a yeast pxr1 null mutant, and in vitro, the PinX1 protein stimulates yeast Prp43 ATPase activity Chen et al. 2014) . Based on this, we think that it most likely that the Spp382, Sqs1, and Pxr1 G-patch peptides all naturally bind Prp43 but differ in apparent affinity due to optimization for cis-or trans-acting interactions distinct for each protein. Each of the three Prp43 binding partners as scored here requires sequences outside the G-patch domain for maximal Y2H response. In addition to the observations presented here, poorly conserved sequences flanking the Spp382 G-patch were shown recently to enhance G-patch-dependent Prp43 activation in vitro (Christian et al. 2014 ) and add to this peptide's association with Prp43. However, extrapolating from our Y2H results, Pxr1 interaction with Prp43 association appears largely independent of the G-patch, suggesting that transient or weak association with this motif in the context of the native RNP is sufficient for helicase function.
Prp43 truncated at amino acid 657 fails to bind a Sqs1 G-patch peptide in vitro, implicating the final 15% of Prp43 as a primary contact site for G-patch association (Walbott et al. 2010) . The Prp43 C-terminus contains an OB-fold oligonucleotide/oligosaccharide-binding domain thought to interact with RNA and necessary for full G-patch-stimulated enzyme activity. Lysine residues within this domain can be chemically cross-linked with the Spp382 G-patch consistent with close and perhaps direct contact between these peptide features (Christian et al. 2014) . Similar interactions are predicted to occur between the C-terminus of the Prp2 DEAHbox helicase and its G-patch activator, Spp2 (Roy et al. 1995; Silverman et al. 2004; Warkocki et al. 2015) . It was surprising, therefore, that the large Prp43 C-terminal domain (CTD) deletion scored here had no discernible impact on G-patch-dependent Spp382-Prp43 Y2H interaction. We do not think it likely that residual CTD sequences in our construct (i.e., amino acids 749-767) are sufficient for stable Spp382 contact because the final 35 amino acids of Prp43 are not needed for Prp43 activity in vivo (Tanaka et al. 2007) . Functional redundancy between the CTD and RecA2 domains of Prp43 has been suggested based on identification of prp43 RecA2 missense mutations that inhibit Spp382 Figure 5 The Pxr1-specified G-patch is optimal for rRNA processing activity. (A) Complementation of the viable but slow-growing pxr1::KAN mutation with plasmid-borne copies of native PXR1 gene, the G-patch depletion derivative, pxr1DG, and reconstituted derivatives bearing the original PXR1 G-patch or chimeric SQS1 or SPP382 G-patch coding sequences. Saturated cultures of the indicated genotypes were plated as serial 10-fold dilutions on complete medium and incubated for 2 days at 30°. (B) Northern blot analysis of total RNA extracted from logarithmically grown cultures of the genotypes described in A. The samples were resolved by denaturing 1.2% agarose formaldehyde gel electrophoresis and probed with previously described oligonucleotides (Kos and Tollervey 2005) specific for the indicated 35S rRNA precursor, intermediates (23S, 20S, and 7S), and products (25S, 18S, and 5.8S). An ADE3 mRNA probe is used as a loading control. Samples from untransformed yeast (UT) and plasmid-transformed strains in the pxr1::KAN background indicated. After normalization with the ADE3 signals, the WT, the 35S rRNA abundance is unchanged in the pxr1DG-PXR1 transformant and increased 5.7-, 4.1-, 2.6-, and 1.7-fold in the pxr1::KAN, pxr1DG, pxr1DG+SPP382, and pxr1DG+SQS1 transformants, respectively.
G-patch helicase stimulation in vitro and that exacerbate CTD lesions in vivo (Tanaka et al. 2007 ). This portion of the enzymatic core is especially attractive as a critical site of G-patch contact because its removal also blocks G-patch-dependent Spp382 interaction. Since Sqs1 and Pxr1 likewise fail to bind the Prp43DRecA2 derivative, RecA2 either directly participates in their non-G-patch interactions or indirectly fosters contact through proper folding of the Prp43 protein.
At a functional level, the Spp382 and Pxr1 G-patch domains are largely incompatible in chimeric protein reconstitution, while the equivalently dissimilar Sqs1 G-patch (Figure 1B) serves as an acceptable compromise cassette in either context. Point mutations introduced to make the Pxr1 G-patch more Spp382-like were found to modestly improve the Prp43 Y2H interaction (i.e., D62M, K57E, and P48G) or restore biological activity to the chimeric Spp382-Pxr1 splicing factor (i.e., H55P, D62M, K57E, and R27G). The H55P substitution showed the most robust response in Spp382 reconstitution, converting the otherwise nonfunctional spp382-PXR1 allele to one that supported growth at roughly half the rate of an otherwise isogenic WT control. Curiously, the HPP5 did not detectably enhance this protein's Y2H interaction with Prp43. While both assays show that multiple G-patch residues contribute to domain specificity, there was not a tight correlation between improved Prp43 interaction and spp382::KAN complementation. However, since antibodies are not available for the native G-patch protein, differential impact on RNA processing protein stability cannot be ruled out. This caveat aside, G-patch function beyond simple Prp43 recognition provides a reasonable explanation for Spp382 and Pxr1 G-patch incompatibility. For instance, the G-patch may promote proper folding of the cognate protein through cis interactions or bind trans-acting factors specific for the splicing or rRNA processing machineries to enhance the Prp43 affinity or RNP specificity (Figure 9) . Unfortunately, the only G-patch proteins for which structural data are currently available show this segment as disordered, leaving unresolved the nature of cis interactions (Frenal et al. 2006; Christian et al. 2014) .
For trans-acting associations, the RNA substrate is a possible G-patch target because in vitro studies conducted with the TgDRE DNA repair enzyme of Toxoplasma gondii (Frenal et al. 2006 ) and the mouse retroviral proteases MIA-14 and Figure 7 Loss of the Prp43 binding site within Pxr1 or diminished Prp43 activity alters U18 snoRNA processing. Northern blot hybridization of RNA isolated from WT yeast (lanes 2 and 4) , the prp43H218A mutant (lane 3), yeast with a full PXR1 deletion (lanes 1 and 7) , or the pxr1D150-226 (lane 5) and pxr1D102-149 deletion (lane 6) derivatives. The prp43H218A and its WT control are otherwise isogenic (lanes 2 and 3) , as are the pxr1 mutant derivatives and their WT control (lanes 1 and 4-7) . The membrane was sequentially hybridized with oligonucleotide probes specific for the snR18 (U18), snR128 (U14), and snR6 (U6) RNAs. Figure 6 Loss of main Prp43 binding site has little impact on Pxr1 rRNA processing activity. (A) Y2H assay between PRP43 and the indicated PXR1 deletion derivatives. The G-patch domain is deleted in the D25-72 construct, and the KKE/D domain common to certain nucleolar proteins is deleted in the D150-226 segment. Serial dilutions of saturated cultures are plated for cell number (-leu, -trp) and two-hybrid reporter activation (-his supplemented with 5 mM 3-aminotriazole) and incubated for 2 days at 30°. (B) Y2H assay as described in A with Gal4 activation-domain constructs limited to the proposed primary Prp43 binding site (102-149) , the KKE/D domain (150-226), full-length PXR1, or an empty vector. Here the histidine-deficient medium was supplemented with 20 mM 3-AT to suppress background trans-activation observed with the pxr1(150-226) construct. (C) Complementation of the pxr1::KAN growth defect by plasmid-based copies of the full-length gene (PXR1) or the indicated deletion constructs. The transformants were grown for 3 days at 30°on selective medium. (D) Northern blot analysis of total RNA extracted from logarithmically grown cultures shown in C probed for the 35S pre-rRNA and the ADE3 mRNA loading control. The relative 35S intensities were determined as described in Figure 5 .
MPMV (Svec et al. 2004 ) suggest intrinsic G-patch affinity for nucleic acid. More directly, K67 of the Spp382 G-patch motif can be ultraviolet (UV) cross-linked to RNA in vitro when coincubated with Prp43, indicating at least transient RNA contact with this domain (Christian et al. 2014) . It is conceivable that G-patch-RNA association contributes to the Prp43 Y2H responses seen here and, more important, enhances productive Prp43 interaction with its sites of cellular RNA contact in spliceosome and ribosomal complexes (Bohnsack et al. 2009 ).
We have shown that a 48-amino-acid peptide downstream of the Pxr1 G-patch provides stable Prp43 contact in the Y2H assay. While deletion of this sequence virtually eliminates the Pxr1-Prp43 Y2H interaction, it has little impact on G-patchdependent cell growth or rRNA processing. Removal of this element does, however, promote the accumulation of slightly extended snR18 RNAs, a characteristic seen with several other pxr1 mutant alleles and proposed to result from aberrant 39-end processing . In fact, 39-extended snoRNAs, including polyadenylated species, also accumulate when snoRNA transcriptional termination is blocked, snoRNP assembly is disrupted by Nop58 or Nop1 depletion, or exosome activity is impaired (see Allmang et al. 1999; Grzechnik and Kufel 2008; Costello et al. 2011; Garland et al. 2013) . While commonly thought to target stable RNAs for degradation (Lacava et al. 2005; Vanacova et al. 2005; Wyers et al. 2005) , some 39-extended RNAs escape this fate (Grzechnik and Kufel 2008) , and the snR18+3 transcripts found in the pxr1 mutants appear stable and accumulate to levels equivalent to those of the properly processed RNAs in the WT background. The presence of similarly extended snR18 RNAs in the prp43H218A mutant raises the intriguing possibility that this protein also has a role in snoRNA biogenesis. Conceivably, this could occur as an indirect consequence of impaired pre-mRNA splicing in the prp43H218A background (Martin et al. 2002) . However, because snoRNP recruitment to and release from pre-ribosomal particles is directly affected by the loss of Prp43 activity (Bohnsack et al. 2009 ), perhaps a more likely explanation is that defects in ribosome biogenesis contribute to the extended snoRNA phenotype. Going forward, it will be important to learn whether Pxr1-Prp43 contact is required for proper snoRNA maturation and, more generally, to refine our understanding of the network of G-patch protein interactions underpinning Prp43 contribution to the pre-mRNA, rRNA, and snoRNA maturation pathways. Figure 9 Alternate models for G-patch contribution to pathway-dependent Prp43 function. In each case, Prp43 activity requires G-patch interaction for enzyme activation. Pathway specificity may be added as illustrated by (1) intramolecular interactions that alter the effectiveness of G-patch protein stimulation of Prp43, (2) direct G-patch contact with the substrate RNA, or (3) G-patch interaction with protein specificity factors guiding Prp43 recruitment to the spliceosome or pre-ribosomal particle. The G-patch is indicated by the clustered filled circles. Stable association of the G-patch protein with Prp43 is illustrated but cofactor dissociation and is also consistent with the existing literature.
Figure 8 G-patch protein sensitivity to Prp43 domain deletions. The numbered positions above the diagram refer to the amino acid coordinates previously used to describe Prp43 domain organization (He et al. 2010; Walbott et al. 2010) . Below this diagram are bars showing the sites of deletion with amino acid coordinates for the residues removed for Y2H analysis. The Y2H results for full-length Prp43 and each deletion construct are summarized for the three G-patch proteins. In each case, growth observed with the full-length constructs is set at +++, with the deletion mutants showing equivalent growth (+++) or colonies roughly half this size (++), visible colonies one-quarter this size or smaller (+), or no visible colonies (2). The plate cultures were grown for 4 days at 23°on medium lacking histidine and supplemented with 5 mM 3-aminotrazole. Figure S2 The Y2H G-patch peptides are stable in yeast. Western blot of proteins from yeast that express pAS2-Prp43 Y2H construct together with pACT2 Gal4 fusions to the Spp382, Sqs1 or Pxr1 G-patch domains or no pACT2 vector (none). Antibodies specific to the anti-HA epitope in pACT2 and pAS2 (HA.11; developed with BCIP/NBT) or α tubulin (12G10; developed by ECF) were used to image the proteins. After normalization with α tubulin, the Gpatch proteins were found in a relative signal ratio of 1: 2.7: 1.7 (Spp382:Sqs1:Pxr1).
GENETICS
Fig. S3
Figure S3 The Sqs1 G-patch partially supports Spp382 function. Yeast growth of the spp382::KAN mutant reconstituted with a plasmid-borne copy of the intact SPP382 gene and the spp382-SQS1 chimera in which the Sqs1 G-patch substitutes for the equivalent Spp382 sequence. Yeast cultures were grown for 2 days on YPD agar (insert) or in YPD broth at 30°C. For the liquid growth assay, mid-log phase cultures were initially diluted to an OD 600 nm of 0.05 and culture density monitored at 2 hour intervals. Fulllength Prp43 was purified as previously described (Tanaka and Schwer, 2006) . The G-patch peptides were prepared with C-terminal chitin binding domain fusions using the NEB Impact System. To achieve equivalent recovery of soluble peptide, 70 amino acids of (non-G-patch) Nterminal Spp382 peptide precedes each G-patch domain. E. coli lysates expressing the indicated G-patch peptides were first bound to chitin agarose beads in 20 mM Hepes pH 8.5; 500 mM NaCl, 1 mM EDTA for 60 minutes at room temperature. The beads were washed with 20 volumes of binding buffer and then then with 1 ml buffer B (50 mM NaCl, 50 mM imidazole, 50 mM Tris-HCl at pH 7.4, 10% glycerol). Next, approximately 10 µg of purified Prp43 was presented to 20 µl of the washed peptide-bound agarose beads (roughly 6-fold molar excess of peptide over Prp43) for 1 hour at 4C in 100 µl in buffer B. The chitin beads were collected by centrifugation, the unbound sample removed, and the beads washed 3 times with 100 µl of buffer B adjusted to 50 or 200 mM NaCl. Finally the beads were resuspended in 50 µl protein sample buffer (100 mM Tris-HCl, pH 6.8; 20% glycerol; 5% SDS; 5% β-mercaptoethanol 0.02% bromophenol blue) and boiled for 10 minutes to release the peptide along and bound Prp43. The proteins were resolved by 10% SDS-PAGE and visualized with Coomassie blue. The input Prp43 and the G-patch fusion peptides are shown in lane 1-5. Lanes 6-15 show the proteins released from the agarose beads. Figure S7 The Spp382-Pxr1 G-patch substitution derivatives are equivalently expressed. Western blot of proteins from yeast that express pAS2-Prp43 Y2H construct together with pACT2 Gal4 fusions with the original Spp382 protein or Spp382ΔG reconstituted with the Pxr1 G-patch (WT) or Pxr1 G-patch substitutions (D62M, H55P, K57E, P48G, R27G). Antibodies specific to the Gal4 DNA activation domain epitope in pACT2 (sc-1663; for Spp382 and Spp382-Pxr1) and α tubulin (12G10) were simultaneously used to image these proteins with BCIP/NBT. The blot was subsequently stripped by incubation with agitation in 100 mM 2-mercaptoethanol, 2% SDS, 62.5 mM Tris-HCl pH 6.8 at 70° for 30 minutes and then redeveloped using an antibody against the pAS2 Gal4 DNA binding domain (sc-577) to image Prp43 with ECF. The relative signal intensities of the Spp382-derived bands are presented after normalization with the α tubulin control. ) and the pAS2-Pxr1(102-149) construct or empty pACT2 vector probed with anti-HA antibody, HA.11. In each case, the most prominent unique band migrates as predicted for the expected fusion product. The α tubulin protein was imaged after stripping to remove the HA.11 antibody. As the resulting tubulin ECF signal was weak and distorted, the background band comigrating with the pACT-empty vector protein in the HA.11 image was used for normalization. 
